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Abstract

Variational ground-state wavetunctions are presented and
optimized for two model valence-fluctuation systems, based on
Anderson lattice Hamiltonians in the U » » limit. /Aithough
these wavefunctions are approximn&v. *hoy are treated in an
essentially exact manner. The {1, 17 n - 1} sys*em has an
infuit}vvly reasonable ground-state susceplibility, while the
t . 5 n 21 system is found to exhibit an insulating qap.
Due to their ditferent crystal symmetvies, this gap shouhd be
realized in Smuh but aot in Sms,



1. Introduction

An obstacle for the understanding of valence-fluctuation
materials has been the absence of a suitable model to illustrate the
essential nature of the valence-fluctuation ground state We have
recently developed two closely related models which should serve to
fill this role [1, 2]. The basic program is to corstruct variational
ground states, and then to study how they respond to applied magnctic
fields. Physical teatures will be emphasized in tLhis report, at the
expense of mathematical detail.

For reasons discussed elsewhere [1, 2], we dewcribe the electrons

by means of the Anderson lattice Hamiltonian,

H IEI 'k":u”ku 'Yy m )n ; (VLJ"M jo ! h.c.) ”ll » (D

in common with a number of provious investigations [3]). Heve the
bd conduction vlectrons are represented by "H" Bloch ovhitals, with
a Lotal bandwidth W. The 41 electrons are replaced by "4<" Wannier

orhitals with sjte index j and energy o Thus, orbital degenerac,

("
and any intrinsic 40 bandwidth are neglected,

We consider two dif ‘erent models, as faljown:  The Il". lll modde |
hasw one electron per site, and its one-site Coulomb interaction term

)
H:il U ".i'"I' . W)
where n l|1l|. the |l|, f:'} model has two elecbrons per sile, apd
1
h U ¥ (1 -n - n "jt"j.) . (')



Although these models appear quite similar, their magnetic responses
turn out to be strikingly different. Reasonable values for the
parameters are U = 5 - 8eV, W = 2eV, and V'i = N-k 2 jvkjexp(-ik-RJ)
~ 0.07eV, where N is the number of lattice sites. In practice we
take U » =, so that the configurations fz(for [fo. fll) or fo(for
lfl, le) can be simply ignored. We also set the f-electron level

Ly equal to zero, thereby defining the origin for the energy scale.

2. Va.lational Ground States

2
For the lfl. 1"} model we assur  a pround state trial wavetuarction

of the torm o _ybt g a4y e vt ):lvncuum :

12 gl N ohi k' itk
Note that each site involves a - oherent suprrposition o I| and 1°
configurat ions (zero=point flyctuation featere), and all sites are
phy~ically equivalont,  Theae features are comsistent wich X-ray
and Misshauer isomer shitt spectra, with tin Jattice-constant
systomat ice, and with the absence of low-temj eralure lattice
distortions. lach site alse display. a spin-singlet charastor,
implying a low-temperature quenching of the local moments,

This wavetunction is formal ly equivalent to one ctudied previoosly

by stoevens (4], but his uwe of g Wennier rather than Bloch reprecentat ion
tor the conduct ion electrons Ted to untortuaite mithenatical complicatioe.,

Wee have found that the expectation value = i« can e ol tained quite easily,

by means of an elementary physical avqument P Given the drewent ¥

i My the only possible Interaction between the various wites j ois

(4)



via the exclusion prinicple, namely, the fact that two sites -annot
simultaneously make use of the same ko Bloch orbital. That is, if
site j has made the (virtual) transition j* » kt, then the corresponding
transition j't » kt is momentarily fortidden for all of the other sites
j' # j. It follows that the ko orbital occupation number can be
evaluated as a sum of quasi-independent one-site contributions,

Mo = * P > = § a1 /o)1 = (0 = Dy ], (5)
where [1 - (N - l)nh‘/N] represents the probability that ko is
not already occupied by an electron from some olher site j' 72 j.

for large N this simplifies to

Mo (/L= 0 ) A/ W) (v)

T ) - -|‘! . 1y -1k e L] . \ )l s
whir( Ak - N 2 jdkjlxp( ik Ri). Similarly, the normaiizdation

denominator becomes
e Nt B a eam Boalae e /). (/)
the »norgy expectation value is then fousd to have the very wimple torm
? ") - ] ” [ \ :'
. “ ) é (' kl\k U lvak)(I “"")/l é (' kA’ ',leL)/(, ' AL). (H)

Although Tivet obtained by the alove intuitive arquments, this
result has been contivmed by means of diagrammat {c perturbation theory,
That analysis showed that, given the (admittedly approvimate) trion
tanction (4), the = H - expression (R) is exacd to terms of order N-l.
An fmportant consequince of (h) (B) i that these an be no Kondo
like divergences  these are eliminated by the destractive intevference

resulting trom the exolusion oo iple, as manitested in (W)



Minimization of < H > leads to a quadratic expression for Ak'
Inserting the solution in (6), the conduction band occupation numbers
are found to resemble a finite-temperature Iiermi distribution, with
half-width "kBT" of order V, where V is a mean value for the
d-f hybridization matrix elements Vk. The midpoint "cF" for this
distribution is fourd Lo fall below the t-electron level £¢ by an amount
which varieas as = In(l - {), where § is the fractional f] character of the
system. Throughout the valence-fluctuation regime (i.e., for Lg between
the bottom and tre midpoint ot the con:duction band) this shift is quite
small, of the order of the “resonance width" 1 = nV?/w. This shift
becomes large, however, when Ly lies avove the middle of the conduction
band. This teature ensures that 0 - } « 1 regardless of the position ol
tys which is an obvious physical requirement here.

Numerical reqults are shown in Fig. 1(a), based on the parameters

W- 20V, V V. OoleV, and U1 » o together with a constant density of

C
wtates (p,, W_l) for the conductinn band,  The pavameter ) represents

the energy ditteronce hetween ) and the bottam of the conduction baned,

and | i Lhe above-ment ioned shift, ty - ":l" . Note thatl for !y ahoyve

the band midpaint (I}« JeV), the quantity (1 - L) talls expunentiolly

Al a very rapia rate, the e<folding distance being of the ordem of the

M
revonance width 1o~ 10 "oV, For ( berbow the conduct jon banmd (0 - DY,

however, Lo falls oft far more s lowly; pertarhat jon theory shows that here
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Our trial wavefunction for the [fo, f]} model is

= t R .
Yoo = g ‘E uo(njo * % axjon!n)\lvacuum S (3)
where, in the absence of a magnetic fieid, a, = -~ and akj1 = aij' Tte
expectation value < H > is again found to have the form (8), although the D

expression now differs from (7). Still using £ to denote th. fractional rl

character, the main difference in the ground state results is simply that
the roles of § and (1 - £) are interchanged. This is illustrated in

rig. 1(b), based on the same parameters as Fig. 1(a).

3. Magnetic Susceptibility and Insulating Gap

lhe response of the {!q. lll ground stale Lo a magnetic tield can be
studied by relaxing the above=mentioned symmetry restrictions in wul' I he
resulting magnetic susceptibility X0 is plotted in tig. 1(b), in unity of
p?W/v?(pvr site).  Nole that Xo1 is closely proportional to & throughout
mo<l ¢f the valence tluctuation regime,  This is intuitively reasonabile,
because L tractional ll charvacter) car equally well be desoril ed as the

"rctional magnetic cha,acte " of the rare carth ions,  In tact, for

Do 2IVE it can he shown analytically that

-.';l
NU I'.IH v :‘I'} ' .
)
On the ather hand, ol should incrvease rapaly ay 'y ftalls below the
bottom of the condu tion band, wirce the system then approgches tial

of a collection of free ll ionu,  Pven then, howevey, \py mist remain



finite, because there must still be some weak coupling to the conduction
band; perturbation theory shows that asymptotically xOI'\-ID_I3 .

A difficulty is encountered when we ottempt to apply this approach
to the {fl. fz] model, because ihere is no corresponding minor
generalization of ¥12 to describe the response to a magnetic field.

A more drastic alteration is required, and the reliability of the results

may well be sensitive to the choice adopted. We use the form

Sttt tot f nt + 1
\Plz = l] 'lnj,'ljﬁ % (akj,nk;nj, + akjlr“jl‘ k-l) + d”j" X Qn(l + Bknr\le)lVaCUU“\ >,

(11)
which is cuggested by th2 approximate theory of quasiparticle excitations
described in [1].

The d here is fixed by clectron conservation, leaving Ak" Ak“ and
Bk as the free parameters. Optimizing the Aku's as before, w2 nuw find
that & « H » /6(ni) cannot vanish for small applied magnetic fields. Tlhis
implies an insulating gap, as well as the vanishing of \y2 at T - 0. The
resulting gap is the minimum value possible for lvk/Ak'l‘ which occurs here
1or k s at the bottom of the conduction band. This gap, A, is shown in
big. 1(a). The gap approaches [D_| for by far below the conduction band,
as one would expect, tor D - V], however, A~ (1 - L), and it theretore

vanishes vory rapidly tur D - % Woo This, too, meets phyical expectation:..

4. Discussion

The present |:l, |2' model is more velevant for sSmb and Smnb than ane

might. initially surmise, thanky to the tact that the lowest branch of the

b band manitold iv nondegenesrate tor both of these cubic materials,  On



the other hand, of course, Vk cannot ba constant throughout the Brillouin
zone; in fact, there must be symmetry points where Vk vanishes. It is
therefore quite nossible for SmS and SmB6 to have quali.atively d:*“erent
electronic properties, since these materials have NaCl and CsCl-1like

crystal structures, respectively. In view of the effect of these

crystal symmetries upon Vk[5], we conclude that the above insulating

gap A shculd be present in SmBG. but not in SmS. Recent specific heat

data [6] for SmB6 now provides strong evidence for an insulating gap

of order 70K (our estimate). This does not irnply 2 vanishing x at T = 0,
however, because the Sm2+(4f6, J = 0) ion has a large Van Vlcck susceptibility:
the available data show impurity tails which seem to be obscuring a moderate
dip below 40K. The strong low-temperature increase in resistivity is
certa.nly consistent with an insulating rap, but this chould also be
assisted by the very small group velocities ot carriers near the gap

[1]. L is therefore nut surprising that SmS (which has a very high

low- temperature electronic specific hcat) has a qualitatively imilar
(although quantitative'y much weaker) low-temperature incroace in

resistivity.
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Figure Caption

Fig. 1. (a) lfy. f2] model: § on left-hand scale, |€| and A

on right-hand scale; (i) {fo,fll model: ¥ and x/(u?W/V2) on left-hand

scale, |€] on right-hand sca' -
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